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Abstract
Cervical vestibular evoked myogenic potentials (cVEMPs) are widely used to
evaluate saccular function in clinical and research applications. Typically, transient
tonebursts are used to elicit cVEMPs. In this study, we used bone-conducted amplitudemodulated (AM) tones to elicit AMcVEMPs. This new approach allows the examination
of phase-locked vestibular responses across a range of modulation frequencies. Currently,
cVEMP temporal modulation transfer functions (TMTFs) are not well defined. The
purposes of the present study were 1) to characterize the AMcVEMP TMTF in young,
healthy individuals, 2) to compare AMcVEMP TMTFs across different analysis
approaches, and 3) to determine the upper frequency limit of the AMcVEMP TMTF.
Young adults (ages 21 - 25) with no history of vestibular lesions or middle-ear
pathologies participated in this study. Stimuli were amplitude-modulated tones with a
carrier frequency of 500 Hz and modulation frequencies ranging from 7 to 403 Hz.
Stimuli were presented at 65 dB HL via a B81 bone-oscillator.
AMcVEMP waveforms consisted of transient onset responses, steady-state
responses, and transient offset responses; the behavior of these different types of
responses varied with modulation frequency. Differences in the TMTF shape were noted
across different measures. The amplitude TMTF had a sharp peak, while SNR and phase
coherence TMTFs had broader shapes with plateaus across a range of modulation
frequencies. Amplitude was maximal at modulation frequencies of 29 and 37 Hz. SNR
maintained its peak value at modulation frequencies between 17 Hz and 127 Hz. Phase
coherence and modulation gain maintained their peak values at modulation frequencies
between 17 Hz and 143 Hz.

v

AMcVEMPs reflect transient onset and offset responses, as well as a sustained
response with the periodicity of an amplitude-modulation frequency. AMcVEMP
TMTFs had variable shapes depending on the analysis being applied to the response;
amplitude had a narrow shape while others were broader. Average upper frequency
limits of the AMcVEMP TMTF were as high as approximately 300 Hz in young, healthy
adults.
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Introduction
Cervical vestibular evoked myogenic potentials (cVEMPs) are electromyographic
reflexes recorded from the sternocleidomastoid (SCM) muscles of the neck. cVEMPs are
used to evaluate saccular function, and they are a reflection of the vestibulo-collic reflex
that consists of vestibular afferents, the medial vestibulo-spinal tract, and the spinal
accessory nerve (Rosengren et al. 2010). Since first reported by Colebatch and Halmagyi
(1992), cVEMPs have typically been elicited by transient clicks or tonebursts. cVEMPs
reflect an inhibitory onset response, and the response consists of two peaks; there is an
initial, positive peak that occurs at approximately 13 ms followed by a negative peak that
occurs at approximately 23 ms (Rosengren et al. 2019). This onset response has been
used to study both normal and impaired populations (Rosengren et al. 2010). While this
traditional approach to cVEMPs has provided information about the onset response, it
does not allow for an examination of other types of sustained activity which may help to
better understand vestibular function (Curthoys et al. 2017). If alternate approaches to
eliciting cVEMPs were further developed, additional response properties of cVEMPs
may be defined and new clinical applications may be developed.
Sensory-cell rectification of cochlear inner hair cells is thought to contribute to
auditory steady-state responses (ASSRs). ASSRs may be elicited by an AM tone, which
has stimulus energy at its carrier frequency and sidebands, but the response is observed at
the modulation frequency and its harmonics (John et al. 1998). Saccular hair cells from
amphibians and mammals demonstrate rectification similar to that of auditory hair cells
(Holt & Eatock 1995), and this nonlinearity is the presumed mechanism underlying
cVEMPs elicited by amplitude-modulated tones (AMcVEMPs). Several papers have
reported AMcVEMPs, and these papers have confirmed that AMcVEMPs share the basic
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response properties of conventional, transient cVEMPs. Transient cVEMPs are
independent of cochlear status and are present in individuals with profound hearing loss
(Curthoys et al. 2018), as are AMcVEMPs (de Oliveira et al. 2014). In addition, transient
cVEMP amplitude is directly proportional to the amount of tonic EMG activity (Akin et
al. 2004), as is AMcVEMP amplitude (Clinard et al. 2020).
In other sensory systems, such as the auditory system, the temporal modulation
transfer function (TMTF) has been used to describe the behavior of a neural pathway as a
function of modulation frequency. This information can be used in clinical applications,
such as ASSR, to identify stimulus parameters with the most robust responses (e.g.,
Cohen et al. 1991), or for basic science applications to understand how a neural generator
responds to stimulation (e.g., Joris et al. 2004). Only a small range of modulation
frequencies have been used in AMcVEMP literature, and these studies have not defined
the limits of the AMcVEMP TMTF. Bell et al (2010) used air-conducted AM tones with
modulation frequencies ranging from 5 to 122 Hz and reported maximal response
amplitudes were elicited using a modulation frequency of 39 Hz. Signal-to-noise ratios
(SNR), however, had a maximum value at 78 Hz, indicating that amplitude and SNR may
peak at different modulation frequencies. de Oliveira (2014) also used air-conducted AM
tones with modulation frequencies ranging from 20 to 80 Hz and reported largest
amplitudes with a 40 Hz modulation frequency. Both of these studies report maximal
amplitudes using a modulation frequency of approximately 40 Hz, but only tested as high
as 122 Hz where robust SNRs were still reported. Thus, the full range of the TMTF has
not been evaluated. In addition, these previous papers have focused on amplitude
measures. One benefit of a steady-state approach, as opposed to a transient approach, is
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that alternative analyses such as SNR and phase coherence may be applied to understand
different aspects of the response, such as its upper frequency limit, and act as objective
detection algorithms (Dobie & Wilson 1993).
Auditory TMTFs have been evaluated extensively in both animal models and
humans (Purcell et al. 2004; Joris et al. 2004). However, TMTFs of cVEMPs appear to
have not been systematically examined. Therefore, the purposes of this experiment were
to 1) characterize the AMcVEMP TMTF in young, healthy adults, 2) compare
AMcVEMP TMTFs across different analysis approaches, and 3) determine the upper
frequency limit of the AMcVEMP TMTF. It was expected that the shape of AMcVEMP
TMTFs would vary across different analysis techniques (e.g., amplitude versus SNR). It
was further expected that AMcVEMPs would be elicited beyond the frequency range
previously reported in the literature, 122 Hz.
Materials and Methods
Participants
Participants were young adults (n = 12, ages 21-25, 9 female). Audiometric
thresholds were within normal limits, all falling below 20 dB HL for octave frequencies
between 0.5 and 4.0 kHz. All participants underwent otoscopic examination and
tympanometry to confirm healthy outer- and middle-ear status. Participants denied any
history of vestibular pathologies, use of any vestibular suppressants, neurological
disorders, and middle ear disorders. The ear of testing, left or right, was randomly
selected; all stimuli were delivered to the same ear for a particular participant. The
methods for this study were reviewed and approved by the Institutional Review Board of
James Madison University.
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Stimuli
Stimuli were sinusoidally amplitude modulated tones with carrier frequency of
500 Hz and AM depth of 100%. Eighteen amplitude-modulation frequencies were used:
7, 11, 17, 29, 37, 53, 73, 87, 97, 127, 143, 167, 187, 207, 227, 297, 347, and 403 Hz.
These frequencies were selected to cover the range of AMcVEMP TMTFs in young
adults and to minimize overlap between response energy and 60 Hz noise. Carrier and
modulation frequencies were specified using coherent sampling to limit the response to
one FFT bin (John 1998). Tone duration was 1024 ms and sampling rate was 44.1 kHz.
Stimuli were presented in alternating polarity (Clinard et al. 2022a).
Stimulus level was 65 dB HL, equivalent to 123 dB force level (re: 1 µN) (ANSI
2004). All stimuli were delivered by a standard Radioear B81 bone vibrator. Although
previous AMcVEMP literature used air-conducted stimuli and air-conducted stimuli are
primarily used in clinical applications, bone-conducted stimuli offer the advantage of
reducing noise exposure by eliciting cVEMP responses at lower stimulus levels
(McNerney & Burkard 2011; Romero et al. 2021). Bone conduction stimuli were
calibrated using a Larson Davis AMC493B artificial mastoid, a 6 cc coupler (AEC 100),
and a 4-5 N weight with a Larson Davis 824 sound level meter. The spectrum of each
stimulus was examined by routing sound level meter output to an oscilloscope (Tektronix
TDS 2002C); stimulus energy was observed at the carrier frequency and sidebands, but
not at the modulation frequency. The B81 was placed 3 cm posterior and 2 cm superior
to external auditory meatus to maximize cVEMP amplitude (Welgampola et al. 2003)
using a standard metal headband. For each participant, a spring scale (Ohaus 8003 PN)
was used to verify that the headband was applying 5.4 (+ 0.5) N of force (ANSI 2004).

5

Recording
Recordings were collected using Neuroscan Stim2 and SynampsRT systems with
CURRY acquisition software (Compumedics). A time window was set to -15 to 1060
ms, and bandpass filters were set to 5 to 5000 Hz. The interstimulus interval was 109 ms.
Each recording had 128 sweeps collected and lasted for approximately 2.5 minutes. A
two-channel montage was used to record on the side ipsilateral to the stimulus; one
channel was used for waveform analysis, and the other channel was used to monitor
EMG activation (Clinard et al. 2020). Electrodes (Ambu Neuroline 720) were placed at
the midpoint of the sternocleidomastoid muscle (non-inverting for both channels), the
sternoclavicular junction (inverting for response analysis channel), on the
sternocleidomastoid muscle directly inferior to the midpoint electrode (inverting for
EMG-monitoring channel), and Fpz (ground). Analog-to-digital sampling rate was 20
kHz; this high A/D rate minimized the risk of carrier-frequency stimulus artifact being
aliased to the modulation frequency, which has been reported in the auditory steady-state
response literature (Picton 2004; Small 2004). Artifact rejection was not used.
Subjects sat upright and turned their head away from the stimulated ear to activate
the SCM. Subjects viewed a real-time bar graph of their mean, rectified EMG and were
instructed to maintain their EMG at a target displayed at 50 µV. Participants were given
time to practice maintaining the EMG target before each recording, facilitating a
consistent activation during the recording.
Analysis
AMcVEMP analysis followed established analysis practices for ASSR analysis (John
et al. 1998; Dobie & Wilson 1998; Clinard et al. 2020). Fast Fourier Transforms (FFTs)
were performed on average waveforms for each recording, using a 0 to 1.024 sec time
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window with a rectangular window. Amplitude values were obtained from the FFT bin
of the modulation frequency. A noise estimate was obtained by averaging the amplitudes
of the FFT bins surrounding the modulation frequency, + 5 Hz over 10 bins (0.97 Hz bin
width). Signal-to-noise ratios were calculated using these amplitude and noise estimates.
Objective response detection was calculated by using the SNR as an F-ratio with 2,10
degrees of freedom (Zurek 1992; Dobie & Wilson 1998). If the SNR was greater than
6.13 dB SNR, then the corresponding p-value was less than 0.05 and indicated a present
response. Individual data in Fig. 1 demonstrate this analysis approach.
Phase coherence quantified the degree to which the response is phase locked to
the modulation frequency. Phase coherence was calculated using the phase angle of the
modulation frequency’s FFT bin from each individual sweep and was then represented as
a value from 0 to 1.0. A phase coherence value of 0 indicates random phases across
sweeps and an absent response; a phase coherence value of 1.0 indicates identical phase
angles across sweeps and perfect phase locking to the modulation frequency. An alpha
level of 0.05 was used with the Rayleigh test for statistical response detection (Fisher
1993).
Similar to auditory TMTF literature (Joris & Yin 1992; Kale & Heinz 2012),
modulation gain was calculated in decibels: 𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐺𝑎𝑖𝑛 = 20𝑙𝑜𝑔10 (
𝑃ℎ𝑎𝑠𝑒 𝐶𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒
𝐴𝑀 𝐷𝑒𝑝𝑡ℎ

). Modulation gain provided a ratio between the modulation depth of the

response and the modulation depth of the stimulus, and this formula resulted in a
maximum gain of 0 dB. Upper frequency limits of the AMcVEMP were established for
SNR, phase coherence, and modulation gain (-3 and -10 dB), defined by the highest
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modulation frequency before the TMTF crossed the criterion line (e.g., modulation gain
of -10 dB) for the first time (Kale & Heinz 2012).

Figure 1. Individual data (age 22) from AMcVEMPs across a subset of modulation
frequencies. Left column, average waveforms reflect the periodicity of the modulation
frequency. Vertical gray lines represent stimulus onset and offset. Middle column, FFTs
with the SNR from the modulation frequency; closed triangles represent present
responses and open triangles represent absent responses. Third column, polar histograms
are shown with phase coherence and the associated Rayleigh p-value for the modulation
frequency FFT bin.
Statistical Approach
Statistical analyses were performed in SPSS (version 26) and Matlab (2017B).
One-way, repeated-measures analysis of variance (ANOVA) was used across modulation
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frequency (18 levels); Bonferroni corrections were used for post-hoc p values. Effect
size is reported using partial-eta squared (Cohen 1988).
Results
Waveform Morphology
Sustained and transient responses were present in AMcVEMP waveforms. Grand
averaged waveforms demonstrate that the modulation-frequency periodicity of the
stimulus is present in AMcVEMP waveforms (Fig. 2, black lines). This periodicity was
strongest from 11 to 87 Hz. At 7 Hz, minimal periodicity is observed in the grand
average waveform. Above approximately 87 Hz there begins to be a differentiation
between transient and sustained responses; transient onset responses were observed with
amplitudes larger than that of the sustained response. These onset responses have the
conventional, biphasic positive-negative peak expected of transient cVEMPs (Colebatch
& Halmagyi 1992). In addition, robust transient offset responses are observed following
the offset of the stimulus, with a biphasic morphology consisting of an initial negative
peak followed by a positive peak.
Modeled AMcVEMP waveforms were calculated by convolving a modeled SCM
motor unit action potential (MUAP) with the temporal envelope of the eliciting stimulus
2

(Lütkenhöner 2019). The model MUAP was generated with the formula 𝑓(𝑡) = 𝑡𝑒 −𝑎𝑡 ,
where a was 0.0316 and t ranged from -20 to 20 ms (Wit & Kingma 2006). The modeled
AMcVEMP waveforms match the general morphology of the grand average waveforms
across the range of modulation frequencies, including the onset, sustained, and offset
response components (Fig. 2, blue lines). Good agreement between the recorded
responses and the modeled responses indicates that these AMcVEMPs are consistent with
behavior predicted by mathematical models of cVEMPs.
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Figure 2. Grand average waveforms (black) and modeled responses (blue) for each
condition. Vertical, dashed lines represent stimulus onset and offset. Vertical shaded
regions highlight the latency regions of onset and offset responses. Modulation frequency
is listed beside the waveforms. Periodicity of the modulation frequency is observed in the
waveforms to lower frequencies, while waveforms elicited with higher modulation
frequencies exhibit primarily onset and offset responses. Modeled waveforms match the
overall morphology of the grand average waveforms.
Amplitude
The amplitude TMTF was peaked with maximal amplitudes at modulation
frequencies of 29 Hz (mean = 64.466 µV, stderr + 8.635) and 37 Hz (mean = 63.857,
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stderr + 7.020) (Fig. 3). Amplitude trends across frequency were consistent with the
amplitude of the periodic energy in the grand averaged waveforms (Fig. 2) and consistent
across participants (Fig. 3.B). A one-way repeated measures ANOVA revealed a
significant main effect of modulation frequency [F(17, 187) = 42.39, p < 0.001, np2=
0.794]. Noise estimates peaked at 29 and 37 Hz (Fig. 3.A). Participants accurately
maintained 50 µV of tonic EMG activity for each condition, indicating the amplitude
differences across modulation frequency were not related to tonic EMG activation being
unequal across conditions. Mean EMG activation across conditions ranged from 47.817
– 53.0195 µV and standard errors ranged from 0.73 to 2.53 µV. Maximal AMcVEMP
amplitudes were observed at modulation frequencies 29 and 37 Hz, consistent with
previous AMcVEMP studies (Bell et al. 2010; de Oliveira et al. 2014).

Figure 3. Amplitude and noise as a function of modulation frequency. A, Average
amplitude (circles) and noise (dashed, gray line). Errorbars represent one standard error.
B, Individual (thin, gray lines) and average (thick, black line) amplitude data.
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Signal-to-Noise Ratio and Phase Coherence
Signal-to-noise ratio and phase coherence TMTFs had broader shapes with a
range of plateaued values (Fig. 4). SNRs were significantly different across modulation
frequency [F(17, 187) = 47.468, p < 0.001, ηp2 = 0.812], and Bonferroni-corrected post
hoc tests revealed that SNRs from 17 to 127 Hz were not significantly different from
each other (p = 1.0). This plateau from 17 to 127 Hz had an average SNR of 14.878 dB
(stderr + 0.192). Phase coherence was also significantly affected by modulation
frequency [F(17, 187) = 46.205, p < 0.001, ηp2 = 0.808], and plateaued at modulation
frequencies between 17 and 143 Hz (p = 1.0); the mean over this plateau was 0.917
(stderr + 0.01) (Fig. 4). Participants had consistent trends across modulation frequency
for SNR (Fig. 4.B) and phase coherence (Fig. 4.D).
AMcVEMPs were present for all subjects. Individual responses were present at
modulation frequencies as high as 347 Hz for SNR and 403 Hz for phase coherence (Fig.
5). The average upper frequency limit for SNR was 262.0 Hz (std. err + 16.8), and the
average upper frequency limit for phase coherence was 309.3 Hz (std. err + 22.4).
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Figure 4. Signal-to-noise ratio and phase coherence as a function of modulation
frequency. A, Average SNR data. B, Individual (thin gray lines) and average (thick
black line) SNR data. C, Average phase coherence data. D, Individual (thin gray lines)
and average (thick black line) phase coherence data. Errorbars represent one standard
error. The horizontal dotted lines represent the statistical detection criterion for each
analysis; responses above the dotted line are present, and those below the line are absent.

Figure 5. Phase delay as a function of modulation frequency from the present study
(black circles) and phase delay data from Forbes et al. (2020). Errorbars represent one
standard error. Phase delay was comparable across the two studies.
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Modulation Gain
The modulation gain TMTF had a broad shape (Fig. 6). Modulation gain was
significantly different across modulation frequency [F(17, 187) = 28.787, p < 0.001, ηp2 =
0.724], and maintained its peak value of approximately 0 dB at modulation frequencies
between 17 and 143 Hz (mean = -0.837 dB, stderr + 0.129) (Fig. 6.B). The average upper
frequency limit for the -3 dB cut off was 151.8 Hz (std. err + 15.6), and for the -10 dB cut
off was 238.3 Hz (std. err + 19.1).

Figure 6. Modulation gain as a function of modulation frequency. A, Average amplitude
data. Vertical lines represent the upper frequency limits for -3 dB (dashed) and -10 dB
(solid) modulation gain, and the upper frequency limits are shown within the panel. B,
Individual (thin gray lines) and average (thick black line) amplitude data. Errorbars
represent one standard error. Modulation gain of -3 dB (dashed line) and -10 dB (solid
line) are represented in each panel.
Comparing TMTFs Across Analyses
Response metrics were compared across modulation frequency to determine what
differences existed in their peak frequencies or the shape of their functions. Normalized
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TMTFs were calculated for amplitude, SNR, PC, and modulation gain to facilitate
comparisons between TMTFs of the different analyses (Fig. 7). Normalization was
performed for each participant and each analysis type by dividing the participant’s data
from each condition (e.g., amplitude) by the maximum value for that measure, resulting
in a maximum value of 1.0 for each participant. Modulation gain used a similar process
to normalize maximum gain to 0 dB. Maximal amplitude was found at a narrow range of
modulation frequencies centered around 29 – 37 Hz, while maximal SNR, phase
coherence, and modulation gain were found to be maximal over a broad range of
modulation frequencies ranging from approximately 17 to 127 Hz for SNR and 17 to 143
Hz for phase coherence and modulation gain. Although amplitude was minimal over
approximately 100 Hz, the other response analyses indicate robust responses can be
measured even when amplitude is reduced. TMTFs for SNR, phase coherence, and
modulation gain are similar to each other, but the amplitude TMTF has a shape consistent
with a narrower bandpass shape.
Bivariate scatterplots comparing amplitude, SNR, and phase coherence highlight
differences and similarities across response analyses (Fig. 8). Amplitude and SNR both
have maximal values at 29, 37 and 53 Hz (Fig 8.A), as does phase coherence (Fig 8.B).
SNR and phase coherence have maximal values clustered at 29, 37, and 53 Hz (Fig. 8.C);
some modulation frequencies have equivalent SNR (e.g., 11 Hz and 187 Hz), but
dissimilar phase coherence. Responses to the 7 Hz condition are relatively poor, and this
may be related to reduced MUAP energy at this low frequency. The highest modulation
frequencies, where there is little MUAP energy, have consistently poor responses across
all analyses. Other modulation frequencies have similar amplitude to that of 7 Hz, but
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larger SNRs (Fig 8.A.) or phase coherence (Fig. 8.B). Responses were consistently
robust in the range of approximately 17 to 53 Hz.

Figure 7. Normalized average TMTFs for amplitude, SNR, and phase coherence (left
axis), as well as modulation gain (right axis). The solid, horizontal line represents the
maximal possible value for a given TMTF. The spectrum of a modeled
sternocleidomastoid muscle motor unit action potential (gray, dotted line) closely
matches the shape of the amplitude TMTF.

Figure 8. Bivariate scatterplots of AMcVEMP analyses. A, Amplitude and SNR. B,
Phase coherence and amplitude. C, Phase coherence and SNR. Errorbars represent one
standard error. Gray, dashed lines represent criterion values for response presence.
Discussion
Compared to conventional, transient cVEMP stimulus-response paradigms,
AMcVEMPs provide novel information related to the nonlinear processing of saccular
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hair cells. In addition, these AMcVEMPs provide information on both transient and
sustained vestibular responses. However, the TMTFs of AMcVEMPs have not been well
characterized, so we sought to compare AMcVEMP TMTFs across different analysis
approaches and determine the upper frequency limit.
Differences Between TMTF Shapes
Differences in the TMTF shape were noted across different measures. Amplitude
was maximal over a narrow range of modulation frequencies, while maximal signal-tonoise ratio, phase coherence, and modulation gain were found to be equivalent over a
broad range of modulation frequencies (Fig. 7). Both the amplitude AMcVEMP TMTFs
and modeled MUAP spectrum have a peaked response centered at approximately 40 Hz,
suggesting that the amplitude TMTF was shaped by the spectra of underlying MUAPs
(Wit & Kingma 2006; Lutkenhoner 2019) (Fig. 7). At modulation frequencies greater
than 40 Hz, SNR and PC had robust values at frequencies where spectral amplitudes from
surface EMG are reduced (Fig. 7). Phase delay of the present study was consistent with
that of Forbes et al (2020) who used sinusoidal electrical stimulation (Fig. 5). Previous
AMcVEMP literature reported trends similar to the present study with maximal
amplitude at approximately 40 Hz (Bell et al. 2010; Oliveira et al. 2014) but maximal
SNR at 78 Hz (Bell et al. 2010).
The remarkable synchrony observed in the AMcVEMPs of the present study may
reflect anatomical specializations in otolith organs that enhance fast transmission (Eatock
2018) and may be preserved throughout the vestibulo-collic reflex pathway. High SNRs
of approximately 15 dB were observed in the plateau of the SNR TMTF, consistent with
previous AMcVEMP literature that used a modulation frequency of approximately 40 Hz
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(Bell et al. 2010; Clinard et al. 2020). High degrees of synchrony were observed in the
phase coherence TMTF, with an average value of 0.92 over its plateau region. These
phase coherence data (Fig. 4) and polar histograms (Fig. 2) indicate that synchrony from
primary afferents may be preserved throughout the vestibulo-collic reflex pathway.
Single-unit animal studies that reported vector strength in response to 500 Hz sinusoids
showed similar degrees of neural synchrony in primary afferents of the otolith organs
(Curthoys et al. 2019a; McCue & Guinan Jr. 1994). In the otolith organs, Type I hair
cells along the striola with a calyx and acoustically responsive fibers with irregular
discharge rates contribute to cVEMPs (for a review, see Curthoys et al. 2019b). TMTFs
from the present study show a bandpass-type shape across frequency, with maximal
response energy in the 17 – 143 Hz range; this is generally similar to the responses of
individual Type I rat saccule hair cells, calyces, and EPSCs reported by Songer and
Eatock (Eatock & Songer 2011). However, AMcVEMPs from the present study reflect
activity at the end of the vestibulo-collic reflex, rather than only that of peripheral
structures at the end organ.
Upper Frequency Limit
The upper frequency limit of AMcVEMP detection was 287 Hz, on average (Fig.
4,6). Previous AMcVEMP studies reported AMcVEMPs up to modulation frequencies
of 80 Hz (de Oliveira et al. 2014) or 122 Hz (Bell et al. 2010), but did not establish an
upper frequency limit of the AMcVEMP. The upper frequency limit of AMcVEMPs
likely reflects a combination from the end organs and their sensory hair cells, the neural
pathways, and the muscle fibers. At the level of the hair cell in otolith organs, Type I
vestibular hair cells have specializations that allow them to respond to fast time scales,
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such as exhibiting both quantal and non-quantal transmission to primary afferents
(Eatock 2018), and these specializations may contribute to the upper frequency limit of
AMcVEMPs. Firing properties of MUAPs may also be a limiting factor in the upper
frequency limit of AMcVEMPs. Possible involvement of both Type I (slow twitch) and
Type II (fast twitch) muscle fibers in the sternocleidomastoid (e.g., Eberstein &
Goodgold 1968) may contribute to the differences seen between the peaked amplitude
TMTF and the broader TMTFs observed with SNR, PC, and modulation gain. A
potential reason why the vestibulo-collic reflex may respond to frequencies as high as
300 Hz may be related to ecologically-relevant, high-frequency events. For example,
Transient head impacts can contain spectral energy up to approximately 300 Hz (Wu et
al. 2016), and the ability to encode high-frequency events may be related to maintaining
postural stability with fast head accelerations. AMcVEMP phase delay across the range
of modulation frequencies was similar to that of Forbes et al (2020) who elicited
vestibulo-collic reflexes from human sternocleidomastoid muscles using sinusoidal
electrical stimulation (Fig. 5).
Sustained and Transient Responses
In the present study, novel cVEMP response waveforms were elicited by longduration AM tones (Fig. 2). Specifically, these stimuli elicited both sustained and
transient response components. Sustained response components were most robust with
visible periodicity from approximately 11 to 87 Hz. Transient response behavior began
to diverge from that of sustained responses above approximately 87 Hz. As modulation
frequency increased above 73 Hz, periodic response energy gradually declined while
transient responses remained present.
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Modeled responses showed good agreement with the grand average waveforms of
the present study (Fig. 2). Overall morphology was similar between the data and
modeled responses; at lower modulation frequencies, primarily sustained responses were
observed, and as modulation frequency increased, there were robust onset and offset
responses with a gradual decrease in sustained activity. There were several areas where
these modeled responses did not match certain aspects of the grand average waveforms,
such as the biphasic nature of the transient responses. The transient onset response had a
negative peak, n1 or n23, which was not captured by this modeled response. In addition,
the transient offset response appears to have a positive peak following its larger negative
peak, but this positive peak is not captured by the modeled responses. At the lowest
modulation frequencies, the modeled response peaks have later latencies than the
biological responses. The AM tone for highest modulation frequency, 403 Hz, had a
sideband at 97 Hz and the modeled response periodicity may reflect that of the 97 Hz
sideband. Aside from these exceptions, the modeled responses approximated the onset,
sustained, and offset portions of these AMcVEMPs.
Traditional cVEMP methodology uses a transient stimulus to elicit an onset
response (Rosengren et al. 2019). However, waveforms from the present study contain
both onset and offset transient responses (Fig. 2). Few studies have examined offset
cVEMP responses. Onset cVEMP responses have an initial positive peak consistent with
inhibition of motor unit activity (Lutkenhoner et al. 2010). However, offset cVEMP
responses have an initial negative peak and are consistent with an excitatory response; in
the present study, offset responses following the end of the stimulus have behavior
consistent with that predicted by mathematical models of cVEMPs (Lütkenhöner 2019;
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Ciardo et al. 2016). In some conditions, offset responses appear to be elicited by each
cycle of amplitude modulation. A double-peaked morphology is observed in the grand
average waveforms at two of the lower modulation frequencies, 11 and 17 Hz. At 11 and
17 Hz, the grand average waveforms show an initial single-peaked onset response
consistent with transient cVEMP behavior (Rosengren et al. 2019). Each AM cycle of
the stimulus elicits an additional positive peak with amplitude equivalent to this initial
onset response (Fig. 2). The larger of these double peaks per AM cycle is likely an onset
response elicited by each cycle of amplitude modulation, while the smaller of these peaks
is likely an offset response elicited by the stimulus amplitude decrease following the peak
of each AM cycle.
The offset nature of these smaller positive peaks in the 11 and 17 Hz conditions is
indicated by several features (Fig. 2). First, these peaks are initially observed prior to the
second onset response at 11 and 17 Hz, but not in the onset response to the first AM
cycle. Second, this smaller amplitude positive peak lags behind each onset response to an
AM cycle. Third, each of these smaller amplitude positive peaks has amplitude that is
equivalent to the positive peak of the offset response at the end of the waveform,
following the end of the stimulus. Fourth, the sharp, well-defined positive peak in the
initial onset response is missing from this last positive peak. These waveforms are
consistent with increases in stimulus level over an AM cycle resulting in inhibitory
activity, a positive peak followed by a negative peak, while decreases in stimulus level
over an AM cycle resulting in excitatory activity, an initial negative peak followed by a
positive peak. Few published studies have evaluated cVEMP offset responses, but these
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AMcVEMP offset responses are consistent with the limited literature (Ciardo et al. 2016;
Lütkenhöner 2019).
Steady-state responses in the auditory system have been successfully modeled as
overlapping transient responses, and the observation of multiple transient responses over
the course of AMcVEMP waveforms is consistent with this behavior (Lütkenhöner 2016;
Delgado & Ozdamar 2004). In addition, the morphology of these AMcVEMP offset
responses is consistent with offset auditory evoked potentials from the brainstem and
cortex in that offset responses have smaller amplitude than onset responses and poorer
morphology (Van Campen et al. 1997; Ross et al. 2007; Billings et al. 2009; Burkard et
al. 2020). Future studies should study AMcVEMP onset and offset responses in more
detail. Further, single-unit recordings from the inferior colliculus of rats has shown
bimodal period histograms in response to AM tones at low modulation rates and 100%
AM depth, and may reflect both onset and offset responses to single-cycles of amplitude
modulation (Rees & Møller 1983). Close agreement between the modeled waveforms
and the response waveforms indicates the MUAPs of the SCM are important in
determining the AMcVEMP, just as transient cVEMPs have been successfully modeled
using MUAPs.
Clinical Implications
New aspects of cervical VEMPs and their related generators may be evaluated
using a steady-state approach, such as tuning and nonlinearity. When considering the
clinical relevance of investigating the tuning of AMcVEMPs, certain populations may be
of interest. Altered tuning of traditional cVEMPs has been noted in both aging and in
Meniere’s disease (Piker et al. 2013; Angeli & Goncalves 2019). AM tones allow for a
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higher resolution of tuning due to their sharp spectral energy relative to a transient
toneburst, and AMcVEMPs may be advantageous as they can examine both the carrier
frequency and the modulation frequency in order to detect changes in these populations.
This may allow for a more detailed examination of vestibular tuning, and therefore may
play a role in detecting changes in pathological systems. Further research in the
AMcVEMP TMTFs in pathological populations may build upon the current
understanding of the ways in which aging and Meniere’s disease alter the physiology of
the vestibular system. Future studies should also examine sustained and offset responses
in additional pathological populations to evaluate potential clinical protocols.
In individual data from the present study (Fig. 1) and from Clinard et al. 2020,
harmonic distortion products of the modulation frequency were observed, consistent with
expected effects of half-wave rectification by sensory cells. It has been shown that
otolith hair cells also act as rectifiers (Holt & Eatock 1995). Although harmonic
distortion products have been reported from recordings of individual saccular hair cells,
there have been few reports of these distortion products from human cVEMPs (Songer &
Eatock 2013; Clinard et al. 2020).
The arrangement of vestibular hair cells around the striola interact with stimulus
polarity to affect harmonic distortion products. In the otolith organs, hair cells are
arranged in opposite polarity on either side of the striola, and this arrangement results in
one side of striolar hair cells being excited while striolar hair cells exactly opposite of the
striola are inhibited (McCue & Guinan Jr. 1994; Curthoys 2020; Uchino & Kushiro
2011). If vestibular hair cells on either side of the striola act has half-wave rectifiers, but
for opposite polarities, then the otolith organ output as a whole would effectively act as a
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full-wave rectifier. In the present study, the largest response is expected at the
modulation frequency, with an approximately exponential decline in amplitude at
subsequent harmonics (Clinard et al. 2020; Clinard et al. 2022b) because the response
follows the temporal-envelope periodicity rather than the carrier frequency, or temporal
fine structure. Stimuli in the present study alternated the polarity of the carrier frequency,
but the phase of the temporal envelope was held constant; this resulted in maximal
responses at the modulation frequency. If the response followed the carrier frequency
and the carrier-frequency stimulus polarity was alternated, then a doubling of the carrier
frequency, or its second harmonic, would be expected to have maximal amplitude; that
“frequency-doubling” behavior has been documented with invasive recordings of the
vestibular microphonic (Pastras et al. 2021), auditory nerve neurophonic (Henry 1995;
Tejani et al. 2019), and the auditory frequency-following response (Gardi et al. 1979) as
well as the scalp-recorded auditory frequency-following response (Huis et al. 1977;
Sohmer & Pratt 1977).
In auditory steady-state responses elicited by AM tones, similar distortion
products are found at both the modulation frequency and its second harmonic due to the
half-wave rectification of cochlear hair cells (Cohen et al. 1991; Lins et al. 1995;
Bidelman & Bhagat 2020). A detailed analysis of harmonic distortion products from the
present study are reported separately in Clinard et al. (2022b). While the auditory
system’s nonlinear properties and subsequent functional implications are wellunderstood, it is currently unknown how nonlinearity of otolith hair cells relates to
functional balance outcomes. A better understanding of the nonlinearity expressed by
vestibular hair cells of the otolith organs may provide unique information that could be
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helpful in various clinical populations. While auditory loss can result in a more linear
system, the same is not yet known for vestibular loss.
It is unlikely that auditory responses are contributing to the AMcVEMPs of the
present study. First, the cVEMP has been extensively shown to be independent of
cochlear status (Mahdi et al. 2013; Colebatch & Halmagyi 1992). Second, although the
literature contains some discussion of later cVEMP components, n33 and p44, being
related to auditory function, the related literature reports inconsistent findings regarding
their origins (Eleftheriadou et al. 2009; Huang et al. 2004; Wu & Young 2002). These
later response peaks are not consistently present, and may actually represent an offset
response (Ciardo et al. 2016). These later response components have not been
conclusively tied to auditory function. Third, modeling AMcVEMPs using the stimulus
temporal envelope and modeled MUAPs successfully matched the responses of the
present study (Fig. 2). Fourth, while it is perhaps possible that ASSRs may be recorded
from the sternocleidomastoid, a number of issues reduce the likelihood of ASSRs
contributing to the present data. Scalp-recorded ASSRs are approximately two orders of
magnitude smaller than the AMcVEMPs reported here (Picton et al. 2003), even when
comparing ASSRs and AMcVEMPs at the same modulation frequencies (e.g., ~40 Hz).
Further, scalp-recorded ASSR amplitudes typically have amplitude smaller than the noise
in these AMcVEMP recordings. Noise in the 37 Hz AMcVEMP condition has the
highest value of approximately 1.6 µV, and at higher frequencies ~ 207 Hz the average
noise in AMcVEMPs is ~0.14 µV. Even the noise in AMcVEMP recordings is an order
of magnitude higher than scalp-recorded ASSRs. Finally, the amplitude difference
between AMcVEMPs and ASSRs is this large when ASSRs are recorded optimally, with
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non-inverting and inverting electrodes placed on either side of the neural dipole
(Herdman et al. 2002); if ASSRs were detectable with the electrode montage on the
sternocleidomastoid, their amplitudes would be even lower because of two reasons:
volume-conducted responses over a longer distance would reduce ASSR amplitude
further and phase cancellation of the response would further decrease amplitude because
both electrodes would be placed on one side of the neural dipole, likely resulting in the
differential amplifier further attenuating any possible response energy.
Conclusion
AMcVEMPs reflect transient onset, as well as transient offset, responses in
addition to a sustained response with the periodicity of an amplitude-modulation
frequency. AMcVEMP TMTFs had variable shapes depending on the analysis being
applied to the response; amplitude had a narrow shape while others had broader bandpass
characteristics. When elicited with a 500 Hz carrier frequency, AMcVEMPs were
detected at modulation frequencies as high as approximately 300 Hz.
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